Phospholamban (PLB) is a 52 amino acid transmembrane protein found in the sarcoplasmic reticulum of cardiac myocytes, where it regulates the transport of calcium ions by SERCA (sarcoplasmic/endoplasmic reticulum Ca 2+ -ATPase). This work has shown that the cytoplasmic domain of PLB associates with phospholipid vesicles, possibly with the lipid polar head groups, and, in doing so, undergoes a transition from a random coil to a more helical conformation. These findings support a recent hypothesis that the cytoplasmic domain of PLB acts as a conformational switch, alternating between an orientation that lies across the membrane surface and an upright orientation that associates with the regulatory site of SERCA.
Introduction
Heart muscle relaxation is triggered by the rapid removal of Ca 2+ from the cytoplasm of myocytes to the lumen of the sarcoplasmic reticulum, a process that is facilitated in part by cardiac SERCA2a (sarcoplasmic/endoplasmic reticulum Ca 2+ -ATPase) [1] . PLB (phospholamban) is a 52-amino-acid transmembrane protein that reversibly inhibits calcium transport by SERCA2a and regulates the contractility of the heart. PLB consists of a largely helical cytoplasmic domain Ia (amino acids M 1 EKVQYLTRSAIRRASTIEM 20 ) and a helical transmembrane domain II (amino acids L 31 FINF-CLILICLLLICIIVMLL 52 ) separated by a short disordered juxtamembrane region that putatively contains a hinge site. Phosphorylation of Ser 16 and Thr 17 within domain Ia reverses the inhibitory association of PLB with SERCA2a [2, 3] . Solution and solid-state NMR experiments, together with computational modelling, have suggested that PLB undergoes pronounced changes in structure and dynamics upon binding to SERCA enzymes [4] [5] [6] [7] [8] [9] . It has been suggested that, in the absence of SERCA, PLB alternates between two conformational states, one in which the cytoplasmic domain lies at approx. 90
• to the transmembrane domain, running parallel to the membrane surface, and the other in which the cytoplasmic domain adopts a more upright position [9, 10] . It has also been suggested that, in the presence of SERCA, the equilibrium between the two orientations of the PLB cytoplasmic domain is perturbed in favour of the upright orientation, allowing contact to be made with the regulatory site of the enzyme [9, 10] . Here, work has been carried out to investigate whether, in the absence of SERCA, the conKey words: circular dichroism (CD), fluorescence spectroscopy, membrane binding, NMR, phospholamban. Abbreviations used: DMPC, 1,2-dimyristoylphosphatidylcholine; DOPG, 1,2-dioleoylphosphatidylglycerol; PLB, phospholamban; SERCA, sarcoplasmic/endoplasmic reticulum Ca 2+ -ATPase; SUV, small unilamellar vesicle. 1 To whom correspondence should be addressed (email david.a.middleton@ manchester.ac.uk).
formational equilibrium of PLB involves interactions of the cytoplasmic domain with membrane phospholipids.
Results
This study was motivated by the results of wide-line 2 H-NMR experiments, which were carried out on PLB variants to obtain information about their rotational mobility in lipid membranes. A null-cysteine monomeric variant (i.e. Cys 36 -Ala, Cys 41 -Ala and Cys 46 -Ala) of full-length PLB (AAA-PLB) and also a null-cysteine monomeric variant of the PLB transmembrane domain (AAA-TM-PLB) were prepared with a C 2 H 3 reporter group incorporated into Ala 36 . AAA-PLB and AAA-TM-PLB were reconstituted into DMPC (1,2-dimyristoylphosphatidylcholine) bilayers at a lipid/protein molar ratio of 20:1 and 2 H-NMR spectra were recorded at 37
• C to ensure that the lipid chains were fully fluid and could support the free rotational diffusion of the PLB variants. Both spectra (Figure 1) show a broad component from a population of protein species undergoing slow rotational diffusion and a narrow component consistent with protein species undergoing rapid diffusion. In the case of AAA-PLB ( Figure 1A) , the majority of the protein molecules undergo slow rotation whereas AAA-TM-PLB undergoes predominantly rapid rotation ( Figure 1B ). It appears, therefore, that the presence of the cytoplasmic domain in AAA-PLB slows down the rate of protein rotational diffusion. One reason for this could be that the cytoplasmic domain of AAA-PLB associates with the lipid head groups, thus reducing the rate of rotational diffusion in comparison with AAA-TM-PLB. These observations were not conclusive of such associations with the membrane, however, and so it was necessary to conduct further experiments.
A water-soluble peptide corresponding to residues 1-23 within the N-terminal cytoplasmic domain of PLB (PLB ) was subjected to binding and structural studies using fluorescence and CD spectroscopy. Owing to the overall positive charge on this peptide (two negative and four positive) and The spectra of AAA-PLB (A) and AAA-TM-PLB (B), both containing a CD 3 reporter group at Ala 36 , were obtained at a lipid/protein molar ratio of 20:1. The spectra were the result of accumulating 20 000-100 000 transients using the quadrupole echo sequence [13] with a recycle delay of 1 s and a 90 • pulse length of 4 µs. The sequence of AAA-PLB is given, with the sequence of AAA-TM-PLB given in italics. the potential for this domain to form an amphipathic helix [2, 3] , it is possible that PLB 1-23 could interact most strongly with negatively charged membrane surfaces. For this reason, experiments were carried out using vesicles containing a 2:1 molar ratio of zwitterionic DMPC and anionic DOPG (1,2-dioleoylphosphatidylglycerol), thereby carrying an overall negative surface charge. The lipids were formed into SUVs (small unilamellar vesicles) by sonication, in order to reduce the problems of light scattering.
Intrinsic fluorescence measurements of proteins have previously been used to screen for their interactions with lipid vesicles [11] . Here, the intrinsic fluorescence of PLB (from Tyr 6 ) was measured before and after the addition of DMPC/DOPG vesicles to a 20:1 lipid/peptide molar ratio (Figure 2A ). In the presence of SUVs, the fluorescence intensity from PLB is partially quenched, suggesting that there is an interaction between the peptide and the vesicles, perhaps involving interactions between Tyr 6 and the charged lipid head groups [11] . CD spectroscopy was then used to estimate the secondary structure of PLB in aqueous solution and when associated with the SUVs. The percentage of helical content was measured from the amplitude of the band at 222 nm in the CD spectra (results not shown) [12] . Figure 2 
Conclusions
These results suggest that the cytoplasmic domain of PLB is capable of associating with lipid membranes. The association between the cytoplasmic domain and membrane surfaces may impair the rotational mobility of PLB and may also act to stabilize the protein in the absence of SERCA2a. The proposed conformational states of PLB, in which the cytoplasmic domain alternates between upright and parallel orientations with respect to the membrane surface, may also involve changes in the secondary structure of the cytoplasmic domain. Such structural changes may have implications for the regulation of SERCA2a.
